Migration plays an important role in the formation of tumor metastases. Nonetheless, little is known about electrophysiological phenomena accompanying or underlying migration. Previously, we had shown that in migrating alkali-transformed Madin-Darby canine kidney focus (MDCK-F) cells a Ca+-sensitive 53-pS K+ channel underlies oscillations of the cell membrane potential. The present study defines the role this channel plays in migration of MDCK-F cells. We monitored migration of individual MDCK-F cells by video imaging techniques. Under control conditions, MDCK-F cells migrated at a rate of 0.90±0.03 Mim/min (n = 201). Application of K+ channel blockers ( 1 and 5 mmol / liter Ba2+, 5 mmol /liter tetraethylammonium, 100 ,mol/liter 4-aminopyridine, 5 nmol/liter charybdotoxin) caused marked inhibition of migration, pointing to the importance of K+ channels in migration. Using patchclamp techniques, we demonstrated the sensitivity of the Ca2+-sensitive 53-pS K+ channel to these blockers. Blockade of this K+ channel and inhibition of migration were closely correlated, indicating the necessity of oscillating K+ channel activity for migration. Migration of MDCK-F cells was also inhibited by furosemide or bumetanide, blockers of the Na+/K+/2Cl-cotransporter. We present a model for migration in which oscillations of cell volume play a central role. Whenever they are impaired, migration is inhibited. (J. Clin. Invest. 1994.
Introduction
Cell migration plays a pivotal role in such diverse processes as immune defense, embryogenesis, wound healing, and tumor metastasis (1) . The clinical relevance of migration is manifested among others by its positive correlation with metastatic potential of tumor cells (2, 3) . Accordingly, modem chemotherapeutic agents are aiming at mechanisms involved in the generation of cell motility (4) .
Despite its great physiological significance, there is still controversy concerning the mechanisms responsible for migration (5) . The lipid flow model predicts that migration is based on endo-/exocytotic recycling ofplasma membrane with exocytosis of membrane vesicles taking place at the leading edge of the lamellipodium (6, 7) . Other models are based on intricate interactions of cytoskeletal components which exert force on cytoskeleton-associated adhesion molecules (8) (9) (10) .
Whereas elaborate experiments were performed to demonstrate lipid flow (7, 11, 12) or to visualize components of the cytoskeleton during migration ( 13, 14) , little is known about electrophysiological phenomena or ion fluxes accompanying or underlying cell migration. However, ion movement across the plasma membrane must occur during migration since the surface to volume ratio may change when lamellipodia are formed or when the "tail" of a migrating cell is retracted. Changes of the surface to volume ratio are a signal for cells to regulate their volume. Many cell types accomplish volume regulation by the movement of K+, CP-, or HCO across the plasma membrane followed by respective changes of the cell membrane potential (15) (16) (17) . Hence, one can assume that the cell membrane potential of migrating cells is not always constant. Macrophages, for example, may exhibit rhythmic hyperpolarizations ofthe cell membrane potential or oscillating activity of Ca2+-sensitive K+ channels (18, 19) . In our previous study we described oscillating activity ofa Ca2+-sensitive 53-pS K+ channel in migrating, alkali-transformed Madin-Darby canine kidney focus (MDCK-F)' cells (20) . Neurite outgrowth in neuroblastoma cells, a process functionally related to migration, also relies on the activation of K+ channels (21 ) .
In the present study, we investigated whether migration of MDCK-F cells depends on oscillating K+ channel activity. Us In this way we also tested the effect of the following K+ channel blockers on migration: Ba2+ ( nels are still triggered by oscillations of intracellular Ca2+ (24) there is no K+ net movement. Migration is reduced to 0.15±0.1 um/min (22±13% of control; n = 11 ). These results are also summarized in Fig. 4 A.
Sensitivity ofthe 53-pS K+ channel to the blockers ofmigration. To correlate the inhibitory effect of the K+ channel blockers on migration with the Ca2+-sensitive 53-pS K+ channel, we studied its sensitivity to these blockers in the inside-out patch configuration. This channel underlies oscillations of the cell membrane potential and is expressed with identical biophysical properties in alkali-transformed MDCK-F cells and in normal parent MDCK cells (20) . For two reasons we studied this channel in excised patches of parent MDCK cells. Most importantly, the channel in MDCK-F cells regularly "runs down" within a few minutes, i.e., its activity spontaneously decays. Hence, it would be difficult to distinguish run down from channel blockade. Secondly, patches from MDCK-F cells are mechanically very fragile so that most of them break upon excision to the inside-out patch configuration. We do not know the basis for channel run down, but it could reflect altered channel regulation in MDCK-F cells. In addition, the ultrastructure of patches may be different in MDCK-F cells, explaining mechanical instability and accelerated diffusion of factors necessary for maintaining channel activity without run down. Nonetheless, we are dealing with identical channels in both cell types (20) . Fig. 5 shows original recordings ofthe Ca24 -sensitive 53-pS K4 channel in the inside-out patch configuration. Trace A depicts the K4 channel under control conditions. In eight experiments, open probability and current amplitude were 0.52±0.14 and -2.5±0.1 pA, respectively, which is in good agreement with previous findings (25) . The following traces demonstrate the effects of 5 mmol/liter Ba24 (B; n = 7), 1 mmol/liter Ba24 (C; n = 7), 5 mmol/liter TEA (D; n = 9), 100 ,umol/liter 4 (26) . Except for the Na4 K4-ATPase, the Na4/K4/2CP-cotransporter is one of the most important transporters mediating K+ influx into MDCK cells (27) .
According to this hypothesis, application of K4 channel blockers impaired migration by inhibiting "cell shrinkage." We therefore tested whether migration is also inhibited if "cell swelling" is impaired after the application of furosemide or bumetanide, potent blockers of the Na+/K4/2Cl-cotrans- 
Discussion
In this study we demonstrated that K+ channel activity is closely related to migration of MDCK-F cells. Inhibition of migration was achieved with the same blockers that inhibited a Ca2+-sensitive 53-pS K+ channel. Previously, we had shown that this K+ channel underlies spontaneous oscillations of the cell membrane potential and is expressed in identical form in parent MDCK cells and in MDCK-F cells (20) . Our observations point to an aspect of cell migration which has often been neglected. It is the contribution of ion channels and of the cell membrane potential for this very complex process. We are considering two major mechanisms by which the cell membrane potential regulates migration: (a) via reflecting cell volume regulation and, (b) via control of intracellular Ca2 . Cell membrane potential controls migration via cell volume regulation. Based on measurements of the membrane conductance, we predict that oscillating K+ channel activity causes rhythmic changes ofcell volume of MDCK-F cells. During the hyperpolarizing spikes, the driving force for K+ ions is such that they exit the cell. Due to the high anion conductance of MDCK cells Cl-or HCO-ions will follow (28), i.e., the content of intracellular solutes is reduced and the cells will "shrink."
During volume regulatory decrease (VRD) after a hypotonic shock, parent MDCK cells initially lose K+. This is reflected by a transient hyperpolarization ( 15) caused by the activation of the same Ca2+ -sensitive K+ channel which oscillates in MDCK-F cells (29) . In pancreatic secretory cells, ion channel activity, triggered by elevations of intracellular Ca2+, and cell volume are closely correlated. In these cells intracellular Ca2' rises upon stimulation with agonists. Subsequently, cell volume is reduced due to the activation of K+ and Cl-channels. When oscillations of intracellular Ca2' are induced, cell volume also oscillates ( 30, 31 ) .
Hence, each period of high K+ channel activity in MDCK-F cells resembles the initial phase of a VRD. However, at the beginning of each spike, MDCK-F cells must have recovered from the volume and K+ loss since K+ channel oscillations are not decaying (26) . Besides the Na' K+-ATPase, the Na+/K+/ 2Cl-cotransporter, which is present in MDCK cells (27) and which plays an important role in volume regulation (32) , is the most powerful mechanism for K+ uptake and hence for volume recovery. Our results suggest that "K+ refilling" of MDCK-F cells is at least partially mediated by this transporter.
The Na+/K+/2Cl cotransporter is activated in other transformed cells. In NIH 3T3 fibroblasts expression of the Ha-ras oncogene predominantly stimulated furosemide-sensitive, ouabain-resistant rubidium-86 uptake. Accordingly, ras oncogene-expressing cells have an increased cell volume (33) , and only in ras+ fibroblasts does regulatory volume increase after hypertonic shock depend on the function ofthe Na/K+/ 2Cl-cotransporter (34 Cell membrane potential controls migration via intracellular Ca2". Previously, we had shown that oscillations of intracellular Ca2" are the "motor" for oscillating K+ channel activity in MDCK-F cells (37) . In the present study we looked as selectively as possible at the effect of K+ channels on migration. Therefore, a key experiment was to superfuse the cells with 50 mmol/liter KCI Ringer's solution (24) . Ca2+ oscillations are not affected, but migration of MDCK-F cells is inhibited nonetheless. These findings confirmed the significance of K+ movement across the cell membrane for locomotion. Migration experiments using 5 mmol/liter Ba2+ are examples for the simultaneous block of K+ channels and Ca2+ oscillations (unpublished observation from our laboratory). Possibly, the dramatic effect of 5 mmol/liter Ba2+ on the lamellipodium is caused by this dual effect, i.e., the retraction of lamellipodia probably involves more than impaired volume regulation.
Ca2+ oscillations of MDCK-F cells depend on Ca2+ influx from the extracellular space (24) . Ca2+ influx is ofgreat importance for migration too (38) . Migration of developing postmitotic cerebellar cells, for example, is coupled to the expression of N-type Ca2+ channels in the plasma membrane (39) . Similarly, N-methyl-D-aspartate receptor stimulation or inhibition affected migration of cerebellar cells via altered Ca2+ influx (40) . We do not know to what extent Ca2+ influx into MDCK-F cells is changed by reducing the electrochemical driving force for Ca2' entry after the application of K+ channel blockers or 50 mmol/liter KCI. However, Ca2+ oscillations per se cannot maintain migration.
The dependence of Ca2+ oscillations on Ca2+ influx raises the question of whether Ca2+ influx into MDCK-F cells also depends on changes of cell volume. VRD of MDCK cells is preceded by a La" inhibitable increase of intracellular Ca2+ (41) . It is remarkable that La" also blocks the Ca2+ influx necessary for maintaining oscillations of intracellular Ca2+ in MDCK-F cells (24) . Future studies will be needed to determine whether the La3+-inhibitable Ca2+ influx in MDCK-F cells is mediated by a volume-sensitive pathway.
Conclusion. We suggest the following sequence of events causing migration of MDCK-F cells. Oscillations of intracellular Ca2" are the primary motor. They trigger the Ca"2-sensitive
Oscillating K+ Channels and Madin-Darby Canine Kidney Focus Cell Migration 1635 53-pS K+ channel underlying oscillations ofthe cell membrane potential (20) . Because of the ensuing loss of K+ (and probably C1-or HCO3 ) ions during each burst of K+ channel activity the cell shrinks periodically. At the beginning of each spike of K+ channel activity the cell must have replenished K+ ions and regained its volume. K+ refilling is at least partially accomplished via the Na+/K+/2Cl-cotransporter. The distribution ofK+ channels and transporters mediating K+ uptake has to be polarized. Our working hypothesis is that K+ channels are confined to the cell body ("rear end") ofa migrating MDCK-F cell and that transporters like the Na+/K+/2CP-cotransporter are predominantly located in the lamellipodium ("front"). In such a scenario, shrinkage (rear end) and swelling (front) would be able to assist the cytoskeleton to advance the cell. Currently, experiments are undertaken to verify the polarized distribution of the relevant K+ channels and transporters.
